In the guinea pig, cold-adaptation is associated with a doubling of cell number, a doubling of mitochondria per cell, and a seven-fold increase in uncoupling protein per mitochondrion (Rial & Nicholls, 1984; Rafael et al., 1985) , the last correlating with the six-fold increase in noradrenaline-stimulated respiration per mitochondrion (Rafael et al., 1985) .
While isolated mitochondria may be used to model plausible uncoupling mechanisms as discussed above, evidence which can be obtained using the more physiological intact adipocyte preparation is likely to be much less ambiguous. 'Fatty acid uncoupling' of brown adipocytes after addition of exogenous fatty acids was first observed by Fain et al. (1967) and by Prusiner et al. (1968a) . The fatty acids could mimic the respiratory stimulation seen on noradrenaline addition, and the proposal was therefore made that fatty acids could act as both substrates and uncouplers, although these early studies could provide no mechanistic basis for the tissue selectivity of the process. The uncoupling by added fatty acids has been more recently explored by Bukowiecki et al., (198 1) . Although the concentrations of added fatty acids seem extremely high (typically 0 . 4 1 mM), it must be born in mind that the fatty acids are equilibrating with the albumin present in all incubation media. We have recently determined the unbound fatty acid in equilibrium with the albumin during the uncoupling of cold-adapted brown adipocytes from the guinea pig (H. Wiesinger & S. A. Cunningham, unpublished work) and have concluded that the cells are stimulated by palmitate over the range 20-200 nM-unbound fatty acid. Cells from warmadapted guinea pigs are substantially less sensitive to fatty acid uncoupling compared with the cold-adapted adipocytes, consistent with an interaction between the permeating fatty acids and the uncoupling protein in the mitochondria in situ. This result suggests that the differential ability of noradrenaline to uncouple the two types of guinea-pig cell can be explained simply by the sensitivity of the mitochondria in situ to fatty acid uncoupling. Thermogenesis in brown adipose tissue requires a continual supply of oxidizable substrate (Nicholls & Locke, 1984) , which must either be provided directly by the circulation or be mobilized from triacylglycerols stored within the tissue. When the latter is the source of substrate then there are mechanisms to maintain or replenish the intracellular pool of triacylglycerol, either by exogenous supply of triacylglycerol and non-esterified fatty acids, or by synthesis de novo of fatty acids from lipogenic precursors, e.g. glucose (McCormack, 1982) . The aim of this contribution is to discuss the regulation of substrate utilization by brown adipose tissue of the rat, and the changes which occur during lactation (a situation associated with physiological hyperphagia) and in the postnatal period. The substrates to be considered are triacylglycerols, non-esterified fatty acids, glucose and ketone bodies (acetoacetate and 3-hydroxybutyrate). Other fuels may be used by brown adipose tissue, e.g. acetate, lactate and certain amino acids, but it is likely that their contribution to the overall substrate supply to the tissue is low. It is not intended to deal with the factors which control the final fate of the substrates (oxidation versus conversion to lipid) because this area will be discussed by other contributors.
Physiol

Regulation of substrate utilization
The factors involved in the regulation of substrate utilization by mammalian tissues include: (a) the availablility of the substrate in the circulation, (b) the blood flow to the tissue, (c) the transport of the substrate into the tissue compartment where it is utilized, (d) the activity of the enzymes which initiate the metabolism of the substrate, (e) other regulatory sites in the metabolic pathway, and (f) intracellular and inter-tissue metabolic integration of pathways (Williamson, 1984) . Of special significance for substrate utilization by brown adipose tissue is the range of blood flow, which can increase up to an order of magnitude (Portet et al., 1974; Foster & Frydman, 1979) , and the noradrenergic stimulation of thermogenesis (see Nicholls & Locke, 1984) .
Measurement of substrate utilization
The most direct method of assessment of substrate utilization is by measurement of arteriovenous differences together with information on blood flow. In the case of brown adipose tissue, blood can be collected from Sulzer's vein and from the carotid artery (Portet et al., 1974) , but because of the surgical expertise involved this Vol. 14 (McCormack, 1982) .
Initiating enzymes
Although all the circulating substrates under consideration can be converted to acetyl-CoA and therefore oxidized in the tricarboxylic acid cycle, their metabolism is initiated by separate enzymes (Table 1 ). The activities of these initiating enzymes in interscapular brown adipose tissue of rats at room temperature are given in Table 1 . From this it is clear that, with the exception of 3-hydroxybutyrate, brown adipose tissue of normal rats has a considerable potential for the utilization of the major circulating substrates. Values for fatty acyl-CoA synthetase, the enzyme responsible for the initiation of the metabolism of non-esterified fatty acids, are not available for the rat, but are an order of magnitude higher than the rate of fatty acid oxidation in guinea-pig mitochondria from cold-adapted animals (Flatmark & Pedersen, 1975) . The activities of these initiating enzymes can change dramatically in situations in which the rate of thermogenesis changes. For example, within 1 day of exposure to cold (4°C) the activity of lipoprotein lipase increased 900% (Radomski & Orme, 1971; Carneheim et al., 1984) and that of hexokinase increased 100% (14 days exposure; Cooney & Newsholme, 1982) . Such changes in the concentrations of initiating enzymes require a signal. In the case of lipoprotein lipase and cold adaptation the evidence suggests that noradrenaline acting via a fi-adrenergic mechanism (Carneheim et al., 1984) is responsible for the induction of the enzyme. The question to be addressed here is whether the concentrations of the initiating enzymes are altered in other physiological situations associated with changes in thermogenesis in brown adipose tissue (Table 2) .
Lactation
Lactation in the rat is associated with a large increase (300%) in food intake but little change in body weight. Despite the hyperphagia the weight of brown adipose tissue does not increase, and there is good evidence for a decrease in thermogenesis as indicated by a decrease in the level of GDP-binding (mouse; Trayhurn et al., 1982) and in the lipogenic response to oral glucose (Agius & Williamson, 1980) . Direct measurements of glucose utilization in vivo with the ['4C]deoxyglucose method indicate about a 50% decrease over a range of insulin concentrations (Ferre et al., 1986 ). This finding correlates well with the 60% decrease in activity of hexokinase in brown adipose tissue of lactating rats (Cooney & Newsholme, 1984) . The activity of lipoprotein lipase does not appear to have been measured in the brown adipose tissue of lactating rats, but it is well established that the concentration of this enzyme is considerably decreased in white adipose tissue during lactation (Hamosh et al., 1970) . Our own measurements of oral triolein uptake into interscapular brown adipose tissue have shown a 90% decrease in lactation (C. do Nascimento & D. H. Williamson, unpublished work). Thus it is likely that utilization of two key substrates (glucose and triacylglycerols) by brown adipose tissue is greatly decreased in lactation, and this means that more substrate is available for the lactating mammary gland for milk production. Possible signals for these changes are the increased plasma prolactin and/or the lower plasma insulin in the lactating rat (for review see Williamson, 1980) . In contrast, the activity of 3-oxoacid-CoA transferase in interscapular brown adipose tissue is not altered during lactation (Agius & Williamson, 198 1) .
Neonatal period
The suckling period in the rat is associated with high concentrations of triacylglycerols, non-esterified fatty acids and ketone bodies in the circulation, and there is a need to conserve glucose because of the relatively low carbohydrate content of the milk (for review see Williamson, 1985) . During this period of development, brown adipose tissue has a vital role in thermogenesis, and the level of GDP-binding to brown-fat mitochondria is considerably increased (Sundin & Cannon, 1980) . The weight of interscapular brown adipose tissue increases in direct proportion to the body weight up to 40 days of age (Cryer & Jones, 1978) . The activity of lipoprotein lipase is increased by up to 800% during the suckling period (Cryer & Jones, 1978) , whereas the activity of hexokinase is decreased (G. J. Cooney & E. A. Newsholme, unpublished work); on weaning on to a high carbohydrate diet these changes are reversed. In contrast, 3-oxoacid-CoA transferase, the initiating enzyme for acetoacetate utilization, remains at a relatively constant, albeit high, activity throughout the suckling period, whereas the activity of 3-hydroxybutyrate dehydrogenase is 50-fold lower (Williamson & Ilic, 1985) . One may question why brown adipose tissue has this high capacity to utilize acetoacetate when this is an important substrate for developing brain (Williamson, 1985) . The answer may lie in the ready reversibility of the 3-oxoacid-CoA transferase and acetoacetyl-CoA thiolase reactions, which means that acetoacetate can act as a buffer for the intramitochondrial pool of acetyl-CoA (Robinson & Williamson, 1980) . Certainly, acetoacetate is not likely to act as a lipogenic substrate during the suckling period because the rate of lipogenesis in vivo measured with 'H,O is very low and increases dramatically on weaning (Pillay & Bailey, 1982) . In addition, the activity of cytosolic acetoacetylCoA synthetase, which directs acetoacetate to lipid synthesis (Buckley & Williamson, 1975) , has a similar developmental profile.
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Introduction: fatty acid synthesis de novo in brown adipose tissue
BrGwn adipose tissue is primarily regarded as an important site for the generation of heat by non-shivering mechanisms in many animals (including humans), and thus most of the studies on this tissue have been concerned with this topic (for reviews, see Nicholls & Locke, 1984; Rothwell & Stock, 1984; Ricquier & Mory, 1984; Cannon & Nedergaard, 1985 , and also the other articles in this Colloquium). Early studies on brown adipose tissue lipogenesis, which were mostly carried out in vitro on slices or small pieces of tissue, gave rise to the idea that very little fatty acid synthesis de novo took place in brown fat, and hence that it derived most of its lipid (which is widely regarded as being the principle thermogenic fuel, but see later) from the bloodstream after synthesis de novo elsewhere (for reviews see, e.g., Smith & Horwitz, 1970; Nicholls 1977) , However, largely as the result of studies in vivo on 'H,O incorporation into lipid as a means of measuring fatty acid synthesis in intact animals (see Stansbie et al., 1976) , this viewpoint has been dramatically altered over the last few years and it is now recognized Vol. 14 that, in many instances, brown adipose tissue is likely to be an important site for fatty acid synthesis de novo (see, e.g., Iliffe et al., 1973; McCormack & Denton, 1977; Trayhurn, 1979 Trayhurn, , 1980 Trayhurn, , 1981 Agius & Williamson, 1980 McCormack, 1982 , Sugden et al., 1982 . This is certainly the case in the rat fed a typical highcarbohydrate laboratory diet, and an example of this is illustrated in Table 1 , where the rates of fatty acid synthesis in vivo for brown adipose tissue of the rat are given, together with, for comparison, those for the other major and well-established sites for this process, i.e. the liver and white adipose tissue. The reasons for the low rates in preparations of brown adipose tissue in vitro have been discussed previously (McCormack, 1982) . Table 1 also shows that, in general terms, the relative importance of brown adipose tissue as a site for fatty acid synthesis de novo may parallel the degree to which the tissue is adapted for thermogenesis.
Regulation of fatty acid synthesis in brown adipose tissue
Rates of lipogenesis in mammalian tissues, in general, vary greatly according to the nutritional and hormonal status of the animal. In the case of brown adipose tissue, it is likely that the additional environmental factor of temperature also plays a key role in establishing the overall capacity of the tissue for lipogenesis (see Table 1 , and Trayhurn, 1979) . In part these changes are brought about by long-term alterations in the concentrations of enzymes in the pathway for fatty acid synthesis [see
